Telomere length indicates the replicative history of cells, serving as a molecular measure of the replicative potential remaining in cells. To investigate telomere length changes in hematopoietic stem cells, patients undergoing hematopoietic stem cell transplantation (HSCT) were evaluated. Fifteen patients after allogeneic bone marrow transplantation (allo-BMT group), seven patients after autologous peripheral blood stem cell transplantation (auto-PBSCT group), and 39 healthy controls were studied. Telomere length was measured in peripheral mononuclear cells by Southern blot hybridization. There was no significant difference between the allo-BMT and the auto-PBSCT groups. In the allo-BMT group, the mean telomere length of recipients was 2.01 kb shorter than that of their donors (P = 0.008), and was 1.59 kb shorter than that of agematched putative normal controls (P = 0.002). Telomere shortening in the allo-BMT group was equivalent to 41.4 years of aging in the donors, and to 52.4 years of aging in the normal controls. The mean telomere length in the auto-PBSCT group was 2.36 kb shorter than that of the age-matched putative controls (P = 0.043), which was equivalent to 61.5 years of aging in normal controls. The extent of telomere shortening in the allo-BMT group showed a trend to negative correlation with the number of mononuclear cells infused. These findings suggest that hematopoietic stem cells after HSCT lose telomere length and these shortened telomeres may result in a higher incidence of clonal disorders later in life.
Telomeres, located at the ends of eukaryotic chromosomes, are composed of specific proteins/tandem repeat DNA, and are essential for the stability of chromosomes and genes. 1, 2 In humans, telomeric DNA contains 5 to 15 kb of TTAGGG repeats which cap the chromosome ends. Telomeric DNA decreases by 50-100 bp with each somatic cell division, and progressively shortens with aging both in vitro and in vivo. [3] [4] [5] [6] [7] [8] [9] Likewise, the mean telomere length of blood cells including both early progenitors and mature cells decreases with age. [6] [7] [8] [9] [10] [11] Therefore, telomere length indicates the replicative history of cells, 8 serving as a molecular measure of the remaining replicative potential. 12, 13 As stem cells at the time of transplantation and during the engraftment undergo increased replicative proliferation, accelerated telomere shortening in patients after hematopoietic stem cell transplantation (HSCT) should ensue. [14] [15] [16] [17] Reductions in telomere length of reconstituting hematopoietic stem cells may cause chromosomal instability as well as replicative senescence, 12, 13, 17 leading to the increased frequency of age-related hematologic disorders later in life. 14, 15, [18] [19] [20] In this study, we investigated telomere length changes in patients undergoing HSCT and attempted to correlate several clinical factors with the extent of telomere shortening (⌬TEL).
Materials and methods

Patients
Twenty-two patients who underwent HSCT from February 1995 to June 1998 at Chonnam University Hospital were included in this study. Among them, 15 patients underwent allogeneic bone marrow transplantation (allo-BMT group) (Table 1) , and seven patients autologous peripheral blood stem cell transplantation (auto-PBSCT group) ( Table 2) . Their ages ranged from 7 to 45 years (mean 24.6) in the allo-BMT group and from 5 to 56 years (mean 30.7) in the auto-PBSCT group. In the allo-BMT group, engraftment was confirmed by cytogenetic analysis, FISH for sex mismatched, the RBC phenotyping, and/or variable number of tandem repeats by PCR amplification. All patients studied were engrafted and remained in CR at the time of study.
Normal controls
Blood samples were collected from 39 normal individuals ranging from newborn to 72 years of age. Fifteen controls were healthy donors for allogeneic bone marrow transplants.
Cell separation and DNA extraction
All peripheral blood samples from patients and normal controls were collected after obtaining informed consent, and stored at Ϫ80°C until DNA extraction. Mononuclear cells (MNCs) from peripheral blood were isolated by FicollHypaque density gradient centrifugation. High molecular weight DNA was extracted from 1 to 3 ϫ 10 7 MNCs using 1 ml of DNA ZOL reagent (GIBCO-BRL, NY, USA). The concentration of genomic DNA was measured at 260 nm by spectrophotometry. The integrity of extracted DNA was confirmed by 1% agarose gel electrophoresis.
Mean telomere length measurement
Four g of extracted DNA were completely digested with 40 U of RsaI for 12 h at 37°C. Electrophoresis of digested genomic DNA was performed in 0.6% agarose gels in 1 ϫ TAE buffer (0.04 mol Tri-acetate, 0.001 mol EDTA, pH 8.0) at 40 V. After electrophoresis, gels were depurinated in 0.25 mol HCl for 30 min, and denatured in 0.4 N NaOH for 30 min. DNA was transferred on to a nylon membrane (Hybond N ϩ ; Amersham International plc, Amersham, UK) by capillary transfer method for Southern blotting. The filters were prehybridized in a hybridization buffer (TeloQuant; PharMingen, San Diego, CA, USA) for 1 h at 65°C and then hybridized with a biotinylated telomere probe (TTAGGG) 4 (TeloQuant) in hybridization buffer overnight at 65°C. The filters were washed twice in 2 ϫ sodium saline citrate (SSC)/0.1% sodium dodecyl sulfate (SDS) for 5 min at room temperature and then washed twice in 0.2 ϫ SSC/0.1% SDS for 15 min at 42°C. The filters were blocked for 1 h at room temperature by the blocking buffer (TeloQuant) and were shaken for 1 h at room temperature in a working solution of streptavidinehorseradish peroxide (Ͻ25 ng/ml) diluted in the blocking buffer. The filters were washed four times in 0.1% Tween-20 (Boehringer Mannheim GmbH, Mannheim, Germany) in PBS for 10 min. After mixing with equal volumes of stable peroxide and luminol/enhancer (TeloQuant), the hybridized probe was shaken in this mixing solution for 5 min and was detected by the chemiluminescence method according to the manufacturer's recommendations (TeloQuant). The filters were exposed to X-ray films (T-MAT; Kodak, USA) for 30 s to 1 min. The telomere lengths were assessed quantitatively by densitometric analysis of autoradiographs using the transmitter scanning videodensitometer (Zenith Video Densitometer; Biomed, Fullerton, CA, USA). The mean telemere length in each sample was then identified as the peak intensity of the telomere length in kb by densitometry.
Statistical analysis
The Mann-Whitney U tests were used in the comparison of telomere length between groups. Linear regression analyses were performed to assess correlation between ⌬TEL and either donor age, elapsed time after the HSCT, or the number of MNCs infused.
Results
Mean telomere length in healthy normal controls
The mean (Ϯ s.d.) telomere length in peripheral blood MNCs from normal controls was 9.68 Ϯ 2.08 kb (range 5.65-14.40 kb) (Figure 1 ). There was progressive shortening of telomere length with age. The telomere length of normal controls was plotted by the following equation: T = 10.86 Ϫ 0.0384 ϫ A, in which T = telomere length in kb and A = age in years ( Figure 2) .
Telomere shortening in patients who underwent HSCT
The mean (Ϯ s.d.) telomere length in the patients following HSCT was 8.01 Ϯ 1.60 kb (range 4.96-11.40), and was significantly shorter than that of normal controls (Figure 1 ( Figure 3 ). There was no significant difference between the two recipient groups (P = 0.217).
To evaluate the effect of HSCT, the telomere length in each recipient group was compared to their donor or agematched controls. In allo-BMT group (Table 1) , the mean telomere length of recipients was 2.01 kb shorter than that of their respective donors (10.34 kb) (P = 0.006), and was 1.59 kb shorter than that of age-matched putative normal controls (9.92 kb) (P = 0.003) (Figure 3) . The mean telomere length of auto-PBSCT group (Table 2) was 2.36 kb shorter than that of age-matched putative normal controls (9.68 kb) (P = 0.004) (Figure 3) .
By applying linear regression to the normal control group, the telomere shortening of the allo-BMT group was equivalent to 41.4 years of aging in the donors and 52.4 years of aging in the age-matched putative normal controls. Likewise, the telomere shortening of auto-PBSCT group was equivalent to 61.5 year aging in the age-matched putative normal controls.
In the allo-BMT group, we compared ⌬TEL with some clinical factors relevant to HSCT. ⌬TEL in the allo-BMT group ranged from 0.15 to 3.62 kb (mean 2.01 kb). ⌬TEL in the allo-BMT group shows a trend towards negative correlation with the number of infused MNCs (per kilogram of recipient body weight) at the time of HSCT (r = Ϫ 0.331; P = 0.229) (Figure 4) . However, there was no correlation between ⌬TEL and donor age (r = 0.181; P = 0.519) or between ⌬TEL and time elapsed after the HSCT (r = 0.174; P = 0.534).
Discussion
This study showed that significant telomere shortening took place in reconstituting hematopoietic stem cells in patients undergoing HSCT, either allo-BMT or auto-PBSCT, and that the extent of telomere shortening had a trend towards negative correlation with the number of infused MNCs in the allo-BMT group but showed no correlation with the elapsed time after the HSCT or donor age. These results were consistent with recent reports from other investigators.
14-16 Notaro et al 14 reported similar results from 11 recipient-donor pairs and suggested that the loss of telomere might occur as a consequence of the in vivo replicative stress to normal hematopoietic stem cells. However, there was variation in telomere length among healthy normal controls. Inherited telomeric heterogeneities among individuals might contribute to the variation. 21 Telomeres, the nucleoprotein complex at the ends of eukaryotic chromosomes, consist of tandem arrays of TTAGGG repeats bound to specific proteins and have the functions of stabilization of the chromosome ends and protection from enzymatic end-degradation.
1,2,5 Telomere length is maintained by a balance between processes that lengthen and shorten telomeres. 22 Because telomeric loss is caused by an end-replication problem during progressive cell divisions, 23 the telomere shortening is considered as a molecular clock that counts the number of cell divisions and determines the onset of cellular senescence. 8, 12 Thus, the length of telomeres is an indicator of the replicative history of the cells and may be the molecular counterpart of the replicative potential remaining in cells. 8, 12, 13 In normal somatic cells, progressive telomere shortening is observed at a rate of 50-100 bp per cell division, eventually leading to shortened telomeres, and then to a stage of growth arrest. Critically shortened telomeres, when cells are no longer able to protect the ends of the chromosomes, cause chromosome fusion and massive genomic instability, and may contribute to age-related clonal disorders. 15, 17, 20 Interestingly, the telomere length in primitive hematopoietic stem cells decreases despite telomerase activity. 24 Akiyama et al 16 suggested that telomerase activity in stem cells after HSCT might be too weak to overcome the shortening of telomere length. However, they did not measure telomerase activity in stem cells after HSCT. Thus, further study is needed to elucidate the relationship between telomere length and telomerase activity following HSCT. In addition, memory T cells after BMT have shorter telomeres than naive T cells, and a shift from naive T cells to memory T cells could potentially also account for this shortening. 25 One of the aims of this study was to determine whether ⌬TEL observed in HSCT patients correlated with the number of infused MNCs at the time of HSCT. Notaro et al 14 reported that ⌬TEL has an inverse correlation with the number of nucleated cells infused, and suggested that the fewer the stem cells transplanted to the recipient, the more cell divisions were needed for reconstitution of hematopoiesis. Thus, the use of a larger number of stem cells, such as megadose transplantation, might result in less telomere shortening and might reduce the incidence of clonal disorders such as myelodysplastic syndrome or cancer, later in life after HSCT. 14, 15, 17, [26] [27] [28] [29] In this study, ⌬TEL showed a tendency towards negative correlation with the number of MNCs infused. However, a further study of larger numbers of patients is needed to draw a definitive conclusion.
Wynn et al 15 showed that the average reduction of telomere length after HSCT was equivalent to roughly 15 years' aging, assuming a constant rate of loss in the normal population. The present study showed greater extent of telomere shortening, which was three to four times higher than reported by Wynn et al. 15 The reason for this discrepancy is not clear but the possible differences in the infused stem cell numbers, small numbers of normal controls as a reference, or other factors should be contemplated.
No correlation between ⌬TEL and the elapsed time after HSCT was found in this study, in agreement with the previous results.
14 This finding suggests that telomere length after HSCT shortens rapidly during the engraftment period and the rates of telomere shortening after engraftment might be similar to the aging change of normal individuals. In addition, there was no correlation between ⌬TEL and donor age. A recent report by Frenck et al 30 showed that telomeric repeats were lost rapidly in children, followed by an apparent plateau between age 4 years and young adulthood, and by gradual attrition later in life. Because the donor's ages of allo-BMT patients in this study were chil-dren and adults ranging from 5 years to 38 years, the telomere length change for the donors might be minimal.
In conclusion, our findings suggest that hematopoietic stem cells after HSCT lose telomere length and that their telomere shortening may be secondary to increased replicative proliferation. The monitoring of telomere length after HSCT may be needed as shortened telomere may result in a higher incidence of clonal disorders later in life.
